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ABSTRACT: This paper presents a coupled thermal-hydrological-mechanical (THM) analysis of the Drift
Scale Test (DST) conducted at Yucca Mountain, Nevada. The DST is a large-scale, long-term thermal test
designed to investigate coupled thermal-mechanical-hydrological-chemical behavior in a fractured, welded
tuff rock mass in support of nuclear waste isolation efforts. The model used for this analysis utilizes
temperature distributions predicted by a thermal-hydrological code as input to a distinct element thermal
mechanical code. This paper presents a brief discussion of the test and the coupled model, followed by
comparison of predicted and measured displacements. Results show that the model predicts the trend and
magnitude of the displacements observed in a cross section monitored in the test through four years of
heating. Maximum principal stress levels of 60 MPa are predicted in the crown and floor of the heated drift
(HD) after 4 years of heating. Comparison of predicted and observed displacements shows that the model
closely predicts vertical displacement above the HD and provides a good estimate of horizontal displacement
perpendicular to the HD. These results indicate that a thermal expansion coefficient of 9e-6/°C is generally
appropriate for the rockmass forming this test. Normal displacements on joints in the cross section examined
here show opening of up to 2mm on subvertical fractures in regions above and below the HD after 4 years of
heating. These fractures do not close upon cooldown, indicating that some permanent enhancement of
vertical fracture permeability may occur.

It is important to note that the model used here has

1. INTRODUCTION been developed for analysis of thermal-mechanical

The Yucca Mountain Site Characterization Project
is conducting a drift scale heater test, known as the
Drift Scale Test (DST) at Yucca Mountain, Nevada.
The DST is a large-scale thermal test designed to
investigate coupled behavior in a fractured, welded
tuff rock mass over a period of eight years [1].

We have used a coupled thermal-hydrological-
mechanical (THM) model to analyze the
geomechanical response of the rock mass forming
the DST. This model utilizes temperature
distributions predicted by the NUFT thermal-
hydrological code [2] as input to the 3DEC distinct
element thermal mechanical code [3]. This work is
an extension of the work presented by Blair, et al at
DC Rocks [4]. Results presented here include
comparison of measured and predicted
displacements, estimates of joint normal
displacement and estimates of the stress field
around the heated drift (HD).

(TM) effects on hydrological properties of a
fractured rock mass around emplacement drifts, and
in the pillar between drifts in a potential geologic
repository for radioactive waste. The analysis of the
DST presented here represents part of the validation
and confidence building efforts for the coupled
model.

2. DESCRIPTION OF THE DST

The DST is being conducted in an alcove of the
Exploratory Studies Facility (ESF) at Yucca
Mountain, Nevada. This test is sited in a fractured,
densely welded ash-flow tuff that forms part of the
Topopah Spring Tuff member of the Paintbrush
Group. Fractures form the primary conduits for
fluid flow in the rock mass. The general layout of
the DST is shown in Figure 1. The heated drift
(HD) is 5m in diameter and approximately 60 m
long. Access to the HD from the ESF is gained
throuah the Access Observation Drift (AOD) and a
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boreholes perpendicular to the HD. These wing
heater holes are spaced at 2-m intervals along each
rib of the HD. The wing heaters extend into the
rock approximately 11 m from the rib. Together,
these heaters provided approximately 180 kW of
power to heat a region of rock that is roughly planar
and approximately 50 m long and 27 m wide. The
test involves 4 years of heating followed by a 4-year
cool-down period [1]. The heating portion of the
DST was started in December 1997, and the target
temperature of 200°C was reached in the crown of
the HD in summer 2000. The heater power was
adjusted periodically so as to maintain 200°C in the
crown for the duration of the heating phase.
Deformation of the rock mass is being monitored
with an array of multiple-point borehole
extensometer (MPBX) systems. Locations of the
MPBX boreholes are shown in Figure 1. These
boreholes represent only a small fraction of the
boreholes drilled into the DST for emplacement of
various types of instrumentation that enable
temperature, geophysical, hydrological, and

chemical measurements [1].
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Figure 1. DST layout showing drifts, wing heaters and
boreholes for mechanical measurements.

3. MODEL FORMULATION

We have formulated a coupled THM model for
simulation of THM processes in fractured rock
masses. This model uses the NUFT finite difference
code for thermal hydrologic analysis, and the 3DEC
distinct element code for thermal mechanical
analysis. The model is described in detail in
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to 3DEC, which then computes stresses and
deformations at the selected times. The distinct
element method permits the inclusion of discrete

fractures, so that fracture deformation and
associated stress redistribution can be
accommodated.

The model setup for the DST simulations
incorporates the detailed geometry of the
excavations forming the DST as shown in Figure 2.
Fractures included in the model are listed in Table
1 and are shown in Figure 3. This fracture set was
derived from a data set of fractures mapped in the
DST block [4,5].

\

Flone
Lomding
hizhv

J

‘I .|! Conmacting

Hualwnd Onift it ||
|| | rereatalion I
III Ao [T P——— rim flcoe |I

| ]

i 10 an
Mebei

Figure 2. Model domain showing excavations.

Table 1. Coordinates of fractures used in analysis.

Frac Dip Dir Dip X coord Y coord Z coord
No ) ) (m) (m) (m)
1 199 75 —21.40 -8.26 411
2 86 83 -12.86 -10.11 -3.93
3 122 61 -13.52 -9.70 -1.38
4 28 13 -4.91 -8.32 5.57
5 51 6 -1.87 —6.60 6.35
6 9 31 -25.79 -8.20 1.57
7 21 62 -9.70 -6.54 5.51
8 20 84 -3.32 -8.33 5.71
9 22 68 -1.57 -8.28 16.26
10 20 82 -3.59 -6.59 6.17
11 20 84 -15.50 -8.28 4.63
12 124 81 —22.44 -8.17 0.58
13 100 88 -16.81 -8.13 -1.08
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Figure 3. Model domain showing fracture distribution.

Temperatures were input at a series of 30 times
during the period from 0 - 15 years (5475 days)
from the start of heating. The times were selected to
capture the initial thermal response of the rock to
heating as well as the longer-term steady evolution
of the temperature field.

Boundary conditions were applied to the simulated
rock mass as follows. The base of the model was
considered to be a roller boundary so that only
horizontal displacements were allowed. The top of
the rock mass, and vertical sides parallel to the HD
were modeled as stress boundaries, while the
vertical sides perpendicular to the HD were
modeled as roller boundaries, allowing no
horizontal displacement perpendicular to the face.
An in situ stress condition was applied with a
vertical stress of 5.54 MPa and a horizontal stress of
4.85 MPa on the vertical sides parallel to the HD.
Stress gradients were 0.021 MPa per meter of depth
for vertical stresses and 0.0115 MPa per meter of
depth for horizontal stresses. A simulation was also
conducted with all four vertical sides configured as
stress boundaries. Comparison of simulated and
measured displacements showed that the latter
boundary condition underestimated the
displacement in direction parallel to the drift.

Rock properties for the simulation are summarized
in Table 2. These values are identical to those used
for emplacement drift simulations in the TSw2 unit
at Yucca Mountain [5].

4. RESULTS

This section presents results of displacement
observations and of simulations of the THM
behavior during heating, and predictions of THM

Prior to the excavation of the Heated Drift (HD)
three boreholes were drilled from the Access and
Observation Drift (AOD) perpendicular to the
planned location of the Heated Drift. These
boreholes (numbered 42, 43, and 44 in Figure 1)
were instrumented with MPBX systems and
deformations were recorded during the excavation
of the Heated Drift. The borehole responses due to
the drift excavation were simulated using the model,
and can be used to evaluate the bulk and shear
moduli of the rock mass in the simulation.

Table 2. Rock properties used for DST simulation.

Description | Value | Units
Matrix Properties
Dry Bulk Density 2270 kg/m3
Intact Rock Elasticity Modulus 33.03 GPa
Coefficient of Thermal Expansion | 9.73E-6 1/°C
Rock Mass Elasticity Modulus 24.71 GPa
Rock Mass Bulk Modulus 14.2 GPa
Rock Mass Shear Modulus 10.2 GPa
Poisson’s Ratio 0.21 None
Joint Properties
Joint Tensile Strength 0 MPa
Joint Friction 41 Deg
Joint Cohesion 0.09 MPa
Joint Normal Stiffness 98.1 MPa/mm
Joint Shear Stiffness 40.5 MPa/mm
Joint Dilation Angle 29 Deg
Boundary and In Situ Stresses
In Situ Stress (280 m depth) 5.54 MPa
Vertical Stress Gradient 0.021 MPa/m

The excavation of the HD was simulated by
excavating the entire length of the HD at one time.
Thus the time history of the HD excavation was not
simulated, but the effect of the excavation on the
rock surrounding these boreholes was determined.

The deformations of the deepest anchors in holes 42
and 43 were simulated and the resulting total
deformations are listed in Table 3 along with total
deformations measured by the MPBX systems.
These data are plotted in Figure 4. This table shows
good agreement between the observed and predicted
displacements (within a factor of 2). Borehole 44
was not used in this analysis as the data for this
borehole were judged to be of poor quality.



Table 3. Deformation Due to Mine-by of HD

Borehole Anchor 6 Observed Anchor 6 Predicted
(mm) (mm)
42 2.4 3.5
43 3.1 4.1
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Figure 4. Total deformation for boreholes 42 and 43 during
mine-by, prior to heating

4.2 Comparison of Observed and Predicted
Displacement During Heating

MPBX instrumentation in boreholes 147, 148 and
149 monitor displacement in the roof of the HD
along a cross section 13 m from the bulkhead (see
Figure 1). Anchors were placed at depths of 1, 2, 4,
and 15 m in these boreholes. Anchors at 4 and 15 m
are denoted as anchors 3 and 4, respectively.
Simulated displacements for anchors 3 and 4 in
these holes are shown along with observed
displacements in Figure 5 a-c. These displacements
are referenced to the borehole collar in the roof of
the drift. Noise in the MPBX data is due to boiling
/refluxing of water in the boreholes, which were not
sealed. These figures show that (as expected) most
of the displacement occurs in the first 4 m of the
borehole, where the rock is the hottest. Also, at
early times (<500 days) anchor 3 displaces more
than anchor 4, indicating compression of the rock
between anchor 3 and 4 during this period. This
behavior is also shown in the model. The predicted
response of anchor 3 in these holes closely matches
the observed behavior. The predicted response of
anchor 4 lags the observed response at times less
than 200 days. The observed response of anchor 4
in these holes is correlated with temperature near
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anchors at distance from the heaters was also
observed in the deformation data for the Large
Block Test [6], also conducted in support of nuclear
waste storage at Yucca Mountain. Note that the
data showing a drop in displacement for BH 147
just after 1000 days (Figure 5a) are considered
unreliable and are included here for completeness.
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Figure 5a. Observed and predicted displacement for anchors 3
and 4 in borehole 147 (angled 30° away from the AOD).
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Figure 5b. Observed and predicted displacement for anchors 3
and 4 in borehole 148 (angled 30° toward the AOD).
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Figure 5c. Observed and predicted displacement for anchors 3
and 4 in borehole 149 (vertically up).
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Figure 6. Observed and predicted displacements for borehole
42 (subhorizontal).

Borehole 42 monitors deformation in the horizontal
direction between the AOD and the HD at 13 m
from the bulkhead. Observed and predicted
displacements for anchors 5 and 6 at 11.6 and 13.6
m from the HD in this borehole are shown in Figure
6. Note that these deformations are referenced to an
anchor at the bottom of the borehole nearest the
HD. The field data show nearly identical
displacement for the two anchors, indicating that the
anchors moved as a rigid body, with very little
thermal expansion. While the model captures the
general trend and magnitude of the deformation, it
overpredicts the initial response.

These figures show that the model captures the
overall trend and magnitude of the observed
displacement in the cross section at 13 m from the
bulkhead. Comparison of measured and predicted
displacements for other cross sections show similar
agreement. This result indicates that the value of
coefficient of thermal expansion (CTE) of 9.73E-
6/°C is appropriate for the DST rockmass. This
value was determined from laboratory
measurements on intact samples [7]. This is
significantly higher than the value of 5.27 E-6/°C
measured in the Single Heater Test, which was also
conducted in Alcove 5 [8]. Moreover, Lin et. al [6]
found that the lower value provided a good fit to
displacement observations in the LBT, and that the
higher value used here overpredicted the observed
displacement. The reason for this discrepancy is not
known at the present time.

The model also captures the slight anisotropy in the
displacement, as both the data and the model
indicate slightly larger displacements on the non-
AQOD side of the HD (Figure 5a) than on the AOD
side (Figure 5b).

The overall displacement field after approximately
4 yr (1503 days) of heating, for a cross section at 13
m from the bulkhead, is shown in Figure 7. Also
shown on this figure are locations of the heated drift
wing heaters and the AOD, as well as boreholes 147
— 149 in the roof of the HD. This figure shows that
the largest displacements are vertical and
subvertical and occur above the heaters in a region
starting about 2 drift diameters above the heater
plane. The plot also shows the slight anisotropy in
the deformation with slightly larger displacements
on the side of the HD away from the AOD, and
smaller displacement to the outside of the AOD.
Note that the deformations plotted in this figure are
referenced to initial locations in the model, prior to
drift excavation and heating, thus the individual
values are not in exact agreement with the observed
values.

The predicted joint normal displacements after 4 yr
of heating in the cross section at 13 m from the
bulkhead are shown in Figure 8. This figure
indicates that at this cross section fracture dilation
of up to 2 mm is predicted for vertical and
subvertical fractures in areas more than 2 drift
diameters above and below the HD.

Note that the model shows very little joint normal
displacement in the region between the HD and the
AOD (see Figure 8). A series of pneumatic
permeability measurements made in this region [1],
show very little change in fracture permeability.
This is consistent with the prediction of minimal
fracture deformation in this region. Moreover, this
result shows that DEM analysis may be useful in
the design of future measurement and/or monitoring
systems.

The good agreement between the observed and
predicted displacements indicates that the stress
field predicted by the model may provide a
reasonable approximation to the actual stress field
in the rock. This is useful because stress
measurement was not incorporated into the DST
design. Analysis of the stress field predicted by the
model indicates that the maximum principal stress
near the drift rotates from vertical to horizontal
during the heating phase of the test. Figure 9
presents contours of the horizontal stress component
in the direction perpendicular to the drift at 1503
days. This figure indicates that horizontal stress
levels above 60 MPa may have occurred in the rock
within 1 drift diameter of the HD. Moreover, as
discussed above, rock in this region was held at or
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Figure 7. Displacement vectors in plane 13 m from bulkhead
after 4 years of heating.

Joint Normal Displ. 1503 Days
- 13 m West of Bulkhead

Displacement {m)

B 20-24¢ W 16-20e W 12-18e™
B 08-12 B 04-08¢" W 0-04e

Figure 8. Joint normal displacement for cross section 13 m
from bulkhead after 4 years of heating.

these conditions, spalling of the rock can be
expected as 60 MPa is approximately one half of
the uniaxial compressive strength of the intact rock.
Figure 10 shows that slabbing of the roof has
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Figure 9. Horizontal stress distribution for cross section 13 m
from bulkhead after 4 years of heating.

Figure 10. Heated Drift Crown at about 3 m in from bulkhead
after 3.5 years of heating.

slabs that have spalled off the roof and are held by
wire mesh. This was noticed in June 2001, and to
date no further slabbing has been observed.
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Figure 11. Horizontal stress distribution for cross section 13
m from bulkhead after 11 years of cooling.

4.4 Cooldown Predictions

The predicted behavior of rock above the HD
during cooldown is shown for boreholes 147 — 149
in Figures 5 a-c. These figures show that
contraction during cooling is predicted to be
greatest within the first 4 m of rock as shown by the
behavior of anchor 3 in these plots. Moreover,
anchor 3 is predicted to recover most of the
displacement in the first 4 years of cooling (1500
—3000 days). These figures also show that recovery
for rock 15 m from the drift wall (anchor 4) is
slower and not as complete, indicating some
hysteresis may occur in the thermally induced
displacement between 4 and 15 m into the drift roof.
The horizontal stress field predicted for this cross
section after 11 years of cooling is shown in Figure
11. This figure shows that at this time stress levels
have returned to near ambient. Figure 12 presents
predicted joint normal displacements after 11 years
of cooling for the cross section at 13 m from the
bulkhead. This figure is nearly identical to Figure 6
and indicates that vertical fractures that open during
heating are not predicted to recover during
cooldown. This implies that enhanced fracture
permeability, formed during heating, may persist
through the cooldown phase. Thus, the simulations
indicate that significant displacement will remain in
the rock even after the stress field has dissipated
due to cooling.
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Figure 12. Joint normal displacement for cross section 13 m
from bulkhead after 11 years of cooling.

5. CONCLUSIONS

A distinct element analysis has been developed to
estimate the thermal mechanical effects on fracture
permeability in the rock mass for the Drift Scale
Test. The following conclusions have resulted from
this analysis: First, comparison of predicted and
measured displacements in cross sections of the
DST indicates that the model predicts the trends and
magnitudes of the measurements very well through
the end of the heating phase. Results indicate that a
CTE of 9.73 E-6/°C is appropriate for the DST.
After 4 years of heating, the highest displacements
are predicted for a zone directly above the HD and
wing heaters, and a few drift diameters above the
heater plane. Predicted joint deformations indicate
that vertical and subvertical joints will open in
zones located above and below the HD, and a few
drift diameters into the rock mass. Fractures form
the primary conduits for fluid flow in the rock mass
and fracture permeability is strongly dependent on
fracture deformation. The results for joint normal
displacement indicate that drainage through
fractures may be enhanced in regions a few drift
diameters above and below the HD.

During the heating phase, the thermal mechanical
processes are predicted to have rotated the principal
stress direction from primarily vertical to primarily
horizontal, oriented perpendicular to the heated drift
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has caused spalling in the roof of the HD.

Predictions for cooldown behavior indicate that the
stress field will return to near ambient within 11
years of the end of heating, but that significant
displacement may remain. In particular, normal
opening of vertical fractures above and below the
HD may persist after cooldown, indicating that
fracture permeability will be enhanced in these
regions. In addition, predicted behavior during
cooldown shows increasing hysteresis in
displacement with increasing distance from the
drift.

Results indicate that fixed displacement boundaries
are most appropriate for vertical faces perpendicular
to the heated drift. These results provide confidence
that the model can be used to predict behavior for
an emplacement drift in a nuclear waste repository
or other thermally driven fractured rock system.
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